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•  Adhesion  between  scattering  layer 
and  NC  layer  was  important  for  high 
efficiency. 

•  NC  +  RTCS  cell  showed  both  higher 
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•  The  effect  of  scattering  layer  much 
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High  efficiency  and  flexibility  of  plastic-based  dye-sensitized  solar  cells  (DSCs)  are  the  necessary  pre¬ 
requisites  for  industrial  applications.  In  this  study,  light  scattering  layers  are  prepared  to  improve  the 
efficiency  and  bending  resistance  of  the  plastic-based  DSCs  by  both  room  temperature  cold  spraying 
(RTCS)  and  spray  deposition  (SD)  method.  The  effect  of  the  adhesion  between  the  Ti02  scattering  layer 
and  Ti02  nanocrystalline  (NC)  layer  on  both  the  energy  conversion  efficiency  and  bending  resistance  of 
the  plastic-based  DSCs  are  investigated.  Results  show  that  both  RTCS-Ti02  and  SD-Ti02  scattering  layers 
yield  much  higher  light-reflecting  ability  than  the  Ti02  NC  layer.  However,  the  adhesion  between  the 
Ti02  scattering  layer  and  Ti02  NC  layer  for  the  NC  +  RTCS  cell  is  higher  than  the  NC  +  SD  cell.  The  better 
adhesion  results  in  higher  efficiency  and  better  bending  resistance  for  the  NC  +  RTCS  cell  than  the 
NC  +  SD  cell.  In  addition,  it  is  found  that  the  increasing  ratio  of  the  energy  conversion  efficiency  for  the 
plastic-based  DSCs  through  the  introduction  of  Ti02  scattering  layer  decreases  significantly  with 
increasing  the  thickness  of  Ti02  NC  layer.  By  using  the  Ti02  NC  layer  with  an  optimized  thickness,  a 
highest  efficiency  of  5.24%  is  achieved  for  the  plastic-based  DSCs  using  an  RTCS-Ti02  scattering  layer. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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Recently,  there  is  an  increasing  interest  in  replacing  the  rigid 
glass-based  dye-sensitized  solar  cells  (DSCs)  by  plastic  substrates 
due  to  light  weight,  flexibility  of  shape,  suitability  for  low  cost  roll- 
to-roll  production  [1].  However,  the  temperature  limits  of  plastic 
substrates  (ca.  150  °C)  usually  preclude  high-temperature  process 
and  organic  binders  usage  for  the  plastic-based  DSCs  [2  .  Compared 
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with  the  conventional  rigid  DSCs,  the  photo-to-electric  energy 
conversion  efficiency  of  the  plastic-based  DSCs  is  relatively  low.  So 
far,  extensive  research  has  been  conducted  to  improve  the  photo- 
to-electric  energy  conversion  efficiency  of  the  plastic-based  DSCs 
[3-9].  A  commonly-used  way  is  to  add  a  scattering  layer  composed 
of  large  particles  (100-400  nm  in  diameter)  on  the  Ti02  nano¬ 
crystalline  (NC,  10—30  nm  in  diameter)  layer  [10,11  ].  The  function  of 
the  scattering  layer  is  to  scatter  the  transmitted  light  back  to  the 
Ti02  NC  layer  and  thereby  improve  the  conversion  efficiency  of  the 
solar  cells.  Therefore,  to  effectively  improve  the  efficiency,  the 
scattering  layer  should  have  a  high  light-reflecting  ability.  Besides 
the  energy  conversion  efficiency,  the  mechanical  properties,  espe¬ 
cially  the  bending  resistance,  is  also  very  important  for  the  practical 
application  of  plastic-based  DSCs  [12].  However,  to  the  best  of  our 
knowledge,  there  are  few  reports  concerning  the  bending  perfor¬ 
mance  of  the  plastic-based  DSCs  using  the  photoanode  with  a 
scattering  layer.  To  prepare  the  plastic-based  DSCs  with  high 
bending  resistance,  the  adhesion  between  the  NC  layer  and  scat¬ 
tering  layer  should  be  strong  enough  to  avoid  the  cracking  and 
spalling  off  the  scattering  layer. 

Based  on  our  previous  results,  room  temperature  cold  spraying 
(RTCS,  also  called  vacuum  cold  spray)  process  can  be  used  to  pre¬ 
pare  well-connected  Ti02  films  on  plastic  substrate  [13].  In  RTCS 
method,  the  dry  particles  are  accelerated  to  a  high  velocity  in  a  low- 
pressure  (100-1000  Pa)  deposition  chamber.  During  deposition, 
the  impact  of  high  velocity  powder  particles  on  the  substrate 
generates  a  high  pressure  pulse,  resulting  in  the  strong  adhesion 
between  the  coating  and  substrate  [14].  This  feature  makes  RTCS  a 
promising  method  to  solve  the  problem  of  the  adhesion  between 
the  Ti02  NC  layer  and  scattering  layer. 

Another  issue  for  the  scattering  layer  is  the  increasing  ratio  of 
the  conversion  efficiency  of  DSCs,  namely  how  much  conversion 
efficiency  can  be  gained  after  the  introduction  of  scattering  layer. 
The  increasing  ratio  of  the  conversion  efficiency  after  adding  a 
scattering  layer  in  a  wide  range  from  15%  to  66.5%  has  been  re¬ 
ported  [15-20].  However,  this  parameter  may  not  be  suitable  to 
evaluate  the  performance  of  the  scattering  layer,  because  the 
thickness  of  the  Ti02  NC  layer  may  have  significant  influence  on  the 
scattering  performance  of  the  scattering  layer.  To  our  best  knowl¬ 
edge,  there  are  no  systematic  investigations  on  this  issue. 

In  this  study,  RTCS  process  was  used  to  prepare  scattering  layer 
for  plastic-based  DSCs  to  aim  at  improving  both  the  efficiency  and 
bending  resistance  of  the  plastic-based  DSCs.  The  photovoltaic  and 
mechanical  properties  of  the  DSCs  were  investigated.  Moreover,  the 
influence  of  the  Ti02  NC  layer  thickness  on  the  performance  of 
scattering  layer  was  examined. 

2.  Experimental 

2.1.  Fabrication  of  photoanode 

Commercially  available  nano-Ti02  powder  (P25,  Degussa,  70% 
anatase  and  30%  rutile)  of  25  nm  in  diameter  and  submicro-Ti02 
powder  (anatase)  of  100-200  nm  in  diameter  were  used  in  this 
study  as  shown  in  Fig.  1.  The  Ti02  coatings  were  deposited  by  a 
home-developed  RTCS  system  on  indium-doped  tin  oxide  coated 
polyethylene  naphthalate  (ITO-PEN,  PECF-IP,  15  Q  sq-1,  Peccell) 
substrate.  The  RTCS  system  consists  of  a  vacuum  pump,  a  vacuum 
chamber,  a  powder  feeder,  an  accelerating  gas-feeding  unit,  a 
particle-accelerating  nozzle,  a  two-dimension  worktable  and  a 
control  unit  [21,22].  Helium  gas  was  used  as  the  accelerating  gas  at 
a  pressure  of  0.2  MPa.  The  chamber  pressure  during  spraying  was 
about  102— 103  Pa.  The  standoff  distance  from  the  nozzle  exit  to  the 
substrate  surface  was  10  mm.  The  relative  traverse  speed  of  the 
nozzle  over  the  substrate  was  20  mm  s-1.  The  photoanode 


Fig.  1.  Surface  morphologies  of  the  nano-Ti02  powder  (a)  and  submicro-Ti02  powder  (b). 


consisted  of  Ti02  NC  layer  with  a  thickness  from  3  to  20  pm  and  a 
Ti02  scattering  layer  of  10  pm.  The  Ti02  NC  layers  were  deposited  at 
an  accelerating  gas  flow  rate  of  7  L  min-1,  while  the  Ti02  scattering 
layer  was  deposited  at  an  accelerating  gas  flow  rate  of  7.5  L  min-1. 
For  comparison,  a  Ti02  scattering  layer  was  also  prepared  by  a 
conventional  spray  deposition  (SD)  method  using  ethanol  based 
submicro-Ti02  particle  suspension  (5  wt.%)  [23]. 


2.2.  Fabrication  of  plastic-based  DSCs 

After  deposition,  the  photoanode  was  annealed  at  135  °C  for 
15  min.  When  cooled  to  80  °C,  the  photoanode  was  immersed  in  an 
absolute  ethanol  solution  of  0.3  mM  N719  dye  (Solaronix)  for  24  h, 
followed  by  rinsing  with  absolute  ethanol.  After  the  photoanode 
was  assembled  with  the  plastic  Pt  CE  using  a  60  pm  thick  Surlyn 
film  (1702,  DuPont)  as  a  spacer,  the  electrolyte  solution  was 
introduced  into  the  cell  through  four  holes  pre-drilled  on  the  back 
of  the  plastic  CE,  which  were  sealed  up  using  a  UV  resin  (Three- 
Bond).  The  electrolyte  solution  was  composed  of  0.6  M  1,2- 
dimethyl-3-propylimidazolium  iodide  (DMPII,  Institute  of  Plasma 
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Physics,  China),  0.05  M  I2  (Aldrich),  0.1  M  Lil  (Aldrich),  and  0.5  M  4- 
tert- butylpyridine  (Acros)  in  dehydrated  acetonitrile  (Aldrich). 

2.3.  Characterization 

The  microstructure  of  the  Ti02  scattering  layer  was  studied  by  a 
field  emission  scanning  electron  microscope  (FESEM,  QUANTA 
600F).  The  coating  thickness  was  measured  by  a  profilometer  (XP-2, 
AMBIOS  Technology,  Inc.,  USA).  The  light-reflecting  ability  of  the 
Ti02  coating  was  evaluated  by  measuring  the  reflectance  spectrum 
of  the  coating  using  a  UV-Vis  spectrophotometer  equipped  with  an 
integrating  sphere  setup  (JASCO  V-570).  The  sphere,  as  well  as  the 
reference  plates,  is  coated  with  BaSO^  In  this  measurement,  the 
Ti02  scattering  layer  was  deposited  on  a  rigid  conductive  FTO-glass 
substrate  (TEC  15,  LOF),  instead  of  the  flexible  ITO-PEN  substrate, 
for  convenient  handling.  Therefore,  the  measured  reflectance 
spectrum  was  the  combination  of  Ti02  scattering  layer  and  the  FTO 
glass  substrate. 

The  adhesion  between  the  Ti02  scattering  layer  and  Ti02  NC 
layer  was  evaluated  by  ultrasonic  test  using  an  ultrasonic  cleaner 
(VGT-1730T,  120  W,  Xi’an  Coming  Ultrasonic  Equipment  Instrument 
Co.,  Ltd.  China).  To  facilitate  the  measurement,  the  Ti02  scattering 
layers  were  deposited  on  FTO-glass  substrate  with  a  thickness  of 
about  10  pm.  The  adhesion  between  the  Ti02  coating  and  the  glass 
substrate  was  estimated  by  analyzing  the  coating  detaching  ratio, 
which  was  defined  by  the  ratio  of  the  detached  area  to  the  whole 
coating  area,  based  on  the  surface  morphology  change  of  the 
coating  after  different  ultrasonic  test  durations.  The  surface 
morphology  was  scanned  by  TIP  Scanjet  4890  scanner. 

The  photovoltaic  performance  of  the  plastic-based  DSCs  was 
measured  using  a  solar  simulator  (100  mW  cm-2,  Oriel  94023A, 
Newport)  equipped  with  a  Keithley  2400  digital  source  meter.  The 
active  area  of  photoanode  was  0.4  cm2.  The  monochromatic  incident 
photon-to-current  conversion  efficiency  (IPCE)  of  the  plastic-based 
DSCs  was  measured  by  an  IPCE  measurement  system  (7-SCSpec, 
Beijing  7-star  Optical  Instruments  Co.  Ltd).  To  study  the  bending 
resistance  of  the  plastic-based  DSCs  under  outward  bending  mode, 
the  DSCs  were  experienced  a  bending  cycle  as  shown  in  Fig.  2.  The 
bending  test  of  the  DSCs  with  and  without  scattering  layer  was 
carried  out  by  a  home-developed  flexible  solar  cell  bending  tester, 
by  which  the  bending  conditions,  including  bending  direction, 
bending  radius  and  bending  cycle,  were  accurately  controlled  [24]. 

3.  Results  and  discussion 

3.1.  Light-reflecting  ability  of  the  Ti02  scattering  layer 

Fig.  3  shows  the  surface  morphologies  of  the  Ti02  scattering 
layers  prepared  by  RTCS  and  SD  method.  As  shown  in  Fig.  3a  and  b, 


Fig.  2.  The  schematic  of  the  plastic-based  DSC  under  a  bending  cycle  in  an  outward 
bending  mode. 


the  coating  is  formed  by  the  stacking  of  Ti02  particles  with  a  size  of 
100-200  nm  which  is  comparable  to  that  of  the  spray  powder 
(Fig.  lb).  Moreover,  it  is  obvious  that  the  Ti02  scattering  layer 
prepared  by  SD  method  (Fig.  3c  and  d)  shows  the  similar 
morphology  to  the  RTCS-Ti02  scattering  layer. 

The  light-reflecting  ability  of  the  Ti02  scattering  layers  is  eval¬ 
uated  by  measuring  the  reflectance  of  the  Ti02  scattering  layers. 
Fig.  4  demonstrates  the  reflectance  spectra  of  the  Ti02  NC  layer  and 
the  Ti02  scattering  layers  prepared  by  RTCS  and  SD  method.  As  can 
be  seen,  all  the  Ti02  scattering  layers  show  much  higher  light- 
reflecting  ability  than  the  Ti02  NC  layer.  Besides,  the  RTCS-Ti02 
scattering  layer  exhibits  a  relatively  lower  light-reflecting  ability 
than  the  SD-Ti02  scattering  layer. 

3.2.  Adhesion  between  the  substrate  and  the  HO2  scattering  layer 

It  should  be  noted  that  the  adhesion  between  the  Ti02  scattering 
layer  and  the  Ti02  NC  layer  is  essential  for  high  performance 
plastic-based  DSCs  [25,26],  since  good  connectivity  between  the 
Ti02  scattering  layer  and  Ti02  NC  layer  is  likely  to  enhance  the 
electrical  conductivity  of  the  particle  network  and  thereby  efficient 
photon  to  electron  conversion.  Flowever,  it  is  difficult  to  test  the 
adhesive  strength  between  the  Ti02  NC  layer  and  the  Ti02  scat¬ 
tering  layer  directly.  In  order  to  estimate  the  adhesive  strength  at 
the  interface  between  the  Ti02  scattering  layer  and  the  Ti02  NC 
layer,  an  ultrasonic  test  technique  was  used.  The  Ti02  scattering 
layer  was  deposited  on  FTO-glass  substrate,  and  the  adhesive 
strength  between  the  FTO-substrate  and  Ti02  scattering  layer  was 
measured  to  indirectly  estimate  the  adhesive  strength  between  the 
Ti02  NC  layer  and  Ti02  scattering  layer. 

Fig.  5  shows  the  surface  morphologies  of  the  scattering  layers 
prepared  by  the  SD  and  RTCS  method  after  different  ultrasonic  test 
durations.  As  can  be  seen  from  Fig.  5a,  the  spalling  off  of  a  fraction 
of  coating  in  flake  (the  dark  contrast  points  or  regions  marked  by 
black  arrows)  occurs  to  the  SD-Ti02  scattering  layer,  and  becomes 
more  serious  with  the  increase  of  ultrasonic  test  duration.  Flowever, 
little  spalling  off  occurs  to  the  RTCS-Ti02  scattering  layer  as  shown 
in  Fig.  5b.  To  facilitate  the  comparison,  the  relative  adhesion  index, 
which  is  defined  as  the  ratio  of  the  undetached  area  to  the  whole 
coating  area,  is  used  as  shown  in  Fig.  6.  After  120  s  ultrasonic  test, 
the  RTCS-Ti02  scattering  layer  shows  a  high  relative  adhesion  index 
of  about  97%  between  the  coating  and  substrate.  Flowever,  for  the 
SD-Ti02  scattering  layer,  the  relative  adhesion  index  is  nearly  0% 
after  ultrasonic  test  for  120  s,  which  indicates  that  nearly  all  the 
coating  is  peeled  off  from  the  substrate.  These  facts  show  that  the 
adhesion  between  the  particle-substrate  interface  in  the  SD-Ti02 
scattering  layer  is  not  sufficient. 

During  the  RTCS  process,  some  micro-sized  powder  particles 
directly  impact  on  and  adhere  to  the  substrate,  forming  the  first 
Ti02  layer.  The  adhesion  between  the  Ti02  particles  and  the  sub¬ 
strate  surface  is  created  by  the  pressure  pulses  owing  to  the  high 
velocity  spray  particles  impact  on  the  substrate  surface.  Then  the 
adhesion  between  the  substrate  and  the  first  Ti02  layer  is 
strengthened  by  the  tamping  effect  of  the  later  approaching  high 
velocity  spray  particles  [27].  Flowever,  for  the  SD-Ti02  scattering 
layer,  the  particles  are  mainly  agglomerated  together  through 
physical  bonding  without  high  temperature  sintering.  In  brief,  the 
adhesion  of  the  RTCS-Ti02  scattering  layer  is  better  than  the  SD- 
Ti02  scattering  layer. 

3.3.  Dark  current  of  the  plastic-based  DSCs 

Several  distinct  photoanodes  have  been  prepared  to  investigate 
the  dark  current  of  the  plastic-based  DSCs.  The  photoanode  of  DSCs 
consisted  of  a  10  pm  thick  Ti02  NC  layer  and  a  10  pm  thick  Ti02 
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Fig.  3.  Surface  morphologies  of  Ti02  scattering  layers  prepared  by  RTCS  (a),  (b)  and  SD  method  (c),  (d). 


Fig.  4.  Reflectance  spectra  of  the  Ti02  NC  layer  and  Ti02  scattering  layers  prepared  by 
RTCS  and  SD  method. 


scattering  layer,  which  was  deposited  as  an  overlayer  on  the  Ti02 
NC  layer  either  by  RTCS  or  SD  method.  Thus,  three  different  pho¬ 
toanodes  (NC,  NC  +  RTCS,  NC  +  SD)  were  constructed  for  the 
plastic-based  DSCs.  Fig.  7  shows  the  dark  current  of  the  plastic- 
based  DSCs  using  three  different  photoanodes.  The  electron 
recombination  rate  at  Ti02/electrolyte  interface  can  be  estimated 
by  the  onset  of  dark  current,  which  arises  from  the  reduction  of  I3 
ions  by  electrons  in  the  conduction  band  of  Ti02  film  [28].  At  a 
certain  voltage,  such  as  0.8  V,  the  dark  current  is  nearly  the  same  for 
the  NC  cell  and  NC  +  SD  cell,  while  the  dark  current  of  the 
NC  +  RTCS  cell  is  higher  than  other  two  cells.  Since  the  dark  current 
is  determined  by  the  effective  surface  area  of  the  TiC^  photoanode, 
this  result  means  that  the  effective  surface  area  of  the  photoanode 
is  the  same  for  the  NC  cell  and  NC  +  SD  cell.  Therefore,  the  adhesion 
between  the  SD-TiCh  scattering  layer  and  the  Ti02  NC  layer  should 
be  weak,  and  the  electrons  cannot  effectively  transport  from  the 
Ti02  NC  layer  to  the  SD-Ti02  scattering  layer.  On  the  other  hand,  the 
higher  dark  current  of  the  NC  +  RTCS  cell  implies  that  the  electrons 
can  effectively  transport  from  the  Ti02  NC  layer  to  the  RTCS-Ti02 
scattering  layer,  and  thereby  recombine  with  the  I3  ions  in  the 
electrolyte.  The  effective  recombination  surface  area  of  the 
NC  +  RTCS  cell  is  increased,  and  consequently  the  dark  current  is 
increased.  This  result  well  reflects  that  the  adhesion  between  the 
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Fig.  7.  Dark  current  of  the  plastic-based  DSCs  using  different  photoanodes. 


NC  +  SD  cell,  the  NC  +  RTCS  cell  exhibits  much  higher  conversion 
efficiency.  Taking  the  relatively  lower  light-reflecting  ability  of  the 
RTCS-Ti02  scattering  layer  into  account,  the  higher  efficiency  of  the 
NC  +  RTCS  cell  can  be  attributed  to  the  good  adhesion  between  the 


Fig.  5.  Surface  morphologies  of  the  Ti02  scattering  layers  prepared  by  SD  (a)  and  RTCS 
method  (b)  after  different  ultrasonic  test  durations. 


RTCS-Ti02  scattering  layer  and  TiC^  NC  layer  is  better  than  the 
adhesion  between  SD-Ti02  NC  layer  and  TiC^  NC  layer. 


3.4.  Photovoltaic  performance  of  the  plastic-based  DSCs 

Fig.  8a  shows  the  photocurrent-voltage  curves  of  the  plastic- 
based  DSCs  using  three  different  photoanodes  and  the  corre¬ 
sponding  photovoltaic  parameters  are  listed  in  Table  1.  The  energy 
conversion  efficiency  (rj)  is  mainly  determined  by  the  short-circuit 
current  density  C/sc)-  It  is  obvious  that  after  adding  a  Ti02  scattering 
layer  to  the  surface  of  TiC^  NC  layer,  the  efficiency  is  significantly 
improved.  This  result  is  attributed  to  the  improved  light  confine¬ 
ment  within  the  bi-layer  photoanode.  Moreover,  compared  to  the 
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Fig.  6.  Relative  adhesion  index  of  the  Ti02  scattering  layers  prepared  by  RTCS  and  SD  Fig.  8.  1-V  curves  (a)  and  IPCE  spectra  (b)  of  the  plastic-based  DSCs  using  different 
method  as  a  function  of  ultrasonic  test  duration.  photoanodes. 
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Table  1 

Photovoltaic  performance  of  the  plastic-based  DSCs  using  different  photoanodes. 


Photoanode 

JSC  (mA  cm"2) 

VOC  (mV) 

FF 

V(%) 

NC 

7.98  ±  0.24 

705  ±7 

0.69  ±  0.01 

3.88  ±  0.13 

NC  +  RTCS 

9.74  ±  0.20 

725  ±  6 

0.67  ±  0.01 

4.70  ±  0.13 

NC  +  SD 

9.16  ±  0.21 

710  ±  5 

0.66  ±  0.01 

4.29  ±  0.18 

RTCs_iio2  scattering  layer  and  Ti02  NC  layer.  In  addition,  it  is 
known  that  the  Ti02  scattering  layer  can  also  uptake  dye  molecules. 
These  results  mean  that  the  photo-induced  electrons  in  the  RTCS- 
Ti02  scattering  layer  can  effectively  transport  to  the  Ti02  NC  layer 
and  thereby  improve  the  overall  conversion  efficiency.  As  for  the 
NC  +  SD  cell,  the  photo-induced  electrons  in  the  SD-Ti02  scattering 
layer  cannot  effectively  transport  to  the  Ti02  NC  layer  owing  to  the 
poor  adhesion  between  the  TiC^  NC  layer  and  SD-TiC^  scattering 
layer.  Therefore,  the  adhesion  between  the  TiC^  NC  layer  and  TiC^ 
scattering  layer  is  mainly  responsible  for  the  difference  in  the 
conversion  efficiency  of  different  DSCs.  Besides,  the  IPCE  spectra, 
which  offer  detailed  information  on  the  light  harvest  of  the  solar 
cells,  were  also  measured  as  shown  in  Fig.  8b.  It  is  clear  that  the 
overall  IPCE  increases  considerably  by  the  introduction  of  scat¬ 
tering  layers,  resulting  in  higher  JSc  values.  Obviously,  the  device 
using  RTCS-Ti02  scattering  layer  possesses  higher  IPCE  than  the 
device  using  SD-Ti02  scattering  layer  in  the  wavelength  range  from 
400  to  700  nm,  resulting  from  the  improved  adhesion  properties 
between  the  Ti02  scattering  layer  and  Ti02  NC  layer. 


3.5.  Photovoltaic  performance  of  the  plastic-based  DSCs  under 
alternating  outward  bending 

The  flexibility  is  one  of  the  most  important  features  for  the 
application  of  plastic-based  DSCs  [12,24,29].  In  this  study,  the 
bending  resistance  of  the  plastic-based  DSCs  using  RTCS-Ti02 
scattering  layer  and  SD-Ti02  scattering  layer  was  examined  with  a 
home-developed  flexible  solar  cell  bending  tester.  It  should  be 
noted  that,  the  electrolyte  is  still  in  the  solar  cells  and  no  leakage 
occurs  after  the  bending  test.  Fig.  9  exhibits  the  normalized  effi¬ 
ciency  of  the  plastic-based  DSCs  with  and  without  RTCS-TiC^ 
scattering  layer  and  SD-TiC^  scattering  layer  as  a  function  of 
bending  cycle.  The  normalized  efficiency  is  defined  as  the  ratio  of 
the  efficiency  of  the  solar  cells  with  a  scattering  layer  to  that  of  the 


NC  cell  before  bending  test.  As  can  be  seen  in  Fig.  9,  the  normalized 
efficiency  is  nearly  unchanged  with  the  increase  of  bending  cycle 
for  the  NC  cell,  showing  a  good  particle  connection  of  the  Ti02  NC 
layer.  However,  for  the  NC  +  SD  cell,  the  normalized  efficiency 
decreases  with  the  increase  of  bending  cycle.  Moreover,  after 
10,000  bending  cycles,  the  efficiency  of  the  NC  +  SD  cell  is  nearly 
the  same  as  that  of  the  NC  cell,  implying  that  the  scattering  layer 
fails  to  improve  the  efficiency  of  the  plastic-based  DSCs.  To  explore 
the  reason  for  the  failure  of  SD-Ti02  scattering  layer,  the  surface 
morphologies  of  the  photoanode  of  NC  +  SD  cell  before  and  after 
10,000  bending  cycles  were  studied  as  shown  in  Fig.  10.  As  can  be 
seen  in  Fig.  10,  the  SD-Ti02  scattering  layer  is  peeled  off  from  the 
Ti02  NC  layer  after  10,000  bending  cycles,  which  is  the  main  reason 
for  the  failure  of  SD-TiC^  scattering  layer.  In  addition,  for  the 
NC  +  RTCS  cell,  the  normalized  efficiency  is  also  unchanged  with 
the  increase  of  bending  cycle,  implying  the  good  connection  be¬ 
tween  the  particles  in  RTCS-TiC^  scattering  layer  and  good  adhe¬ 
sion  between  the  RTCS-Ti02  layer  and  Ti02  NC  layer.  Therefore,  it 
can  be  concluded  that  the  adhesion  between  the  scattering  layer 


Fig.  9.  Normalized  efficiency  of  the  plastic-based  DSCs  using  different  photoanodes  Fig.  10.  Surface  morphologies  of  the  photoanode  of  NC  +  SD  cell  before  (a)  and  after 
under  outward  bending  mode  as  a  function  of  bending  cycle.  (b)  10,000  cycles  outward  bending. 
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and  the  Ti02  NC  layer  is  essential  for  the  improved  efficiency  of 
plastic-based  DSCs  under  bending  condition,  and  the  NC  +  RTCS 
cell  exhibits  higher  bending  resistance  to  failure  than  the  NC  +  SD 
cell. 

3.6.  Effect  ofli02  NC  layer  thickness  on  the  efficiency  of  scattering 
layer 

Another  issue  should  be  noted  is  that  in  many  reports  the 
increasing  ratio  of  conversion  efficiency  was  used  to  evaluate  the 
effect  of  scattering  layer  16].  From  the  literature  [15-20],  the  re¬ 
ported  increasing  ratio  in  a  wide  range  from  15%  to  66.5%  can  be 
found.  However,  the  question  is  whether  the  increasing  ratio  re¬ 
ported  in  different  literature  is  comparable  for  different  DSCs  with  a 
scattering  layer  or  not. 

When  the  sunlight  is  illuminated  on  the  plastic-based  DSCs 
from  the  photoanode  side,  a  loss  of  about  20%  of  the  light  will 
occur  based  on  the  absorption  and  reflection  of  the  ITO-PEN 
substrate.  The  transmitted  light  will  then  be  absorbed  by  the 
dye  molecules  on  the  Ti02  NC  layer.  The  more  the  amount  of  dye 
molecules,  the  more  sunlight  is  absorbed.  The  unabsorbed  light 
will  be  scattered  back  to  the  Ti02  NC  layer  by  the  scattering  layer, 
which  in  turn  improves  the  absorption  efficiency  and  thereby  the 
conversion  efficiency  of  the  solar  cells.  It  is  known  that  the 
amount  of  the  dye  molecules  increased  nearly  linearly  with  the 
thickness  of  the  Ti02  NC  layer.  In  principle,  the  light-scattering 
efficiency  of  scattering  layer  will  be  proportional  to  the  portion 
of  the  transmitted  light  through  the  Ti02  NC  layer  and  also  to  its 
reflectance  value  [18].  Therefore,  the  intensity  of  scattered  light 
will  be  stronger  for  a  thinner  Ti02  NC  layer  than  for  a  thicker  Ti02 
NC  layer. 

Based  on  the  discussion  above,  the  effect  of  the  Ti02  NC  layer 
thickness  on  the  scattering  efficiency  of  scattering  layer  was  sys¬ 
tematically  studied.  Fig.  11  shows  the  Jsc  and  efficiency  of  the 
plastic-based  DSCs  with  and  without  RTCS-TiC^  scattering  layer  as 
a  function  of  the  Ti02  NC  layer  thickness.  From  Fig.  11,  it  is  obvious 
that  the  Jsc  and  efficiency  of  both  the  plastic-based  DSCs  with  and 
without  scattering  layer  exhibits  a  similar  dependency  on  the  Ti02 
NC  layer  thickness.  The  Jsc  increases  with  the  increase  of  the  Ti02 
NC  layer  thickness  and  consequently  the  conversion  efficiency  until 
both  reaching  the  maximum  value  at  a  thickness  of  15  pm.  When 
the  thickness  of  the  Ti02  NC  layer  is  larger  than  15  pm,  the  Jsc  and 
the  conversion  efficiency  tend  to  decrease  with  further  increase  in 


Fig.  11.  Jsc  and  efficiency  of  the  plastic-based  DSCs  with  and  without  RTCS-Ti02 
scattering  layer  as  a  function  of  the  Ti02  NC  layer  thickness. 


Fig.  12.  The  increasing  ratio  of  the  JSc  and  efficiency  of  the  plastic-based  DSCs  with 
RTCS-Ti02  scattering  layer  and  as  a  function  of  the  Ti02  NC  layer  thickness. 


the  Ti02  NC  layer  thickness,  which  may  be  due  to  the  limited  I3 
ions  diffusion  in  the  porous  photoanode.  Moreover,  the  estimated 
increasing  ratio  for  the  Jsc  and  conversion  efficiency  of  the  plastic- 
based  DSCs  with  a  RTCS-TiC^  scattering  layer  was  calculated  as 
shown  in  Fig.  12.  As  can  be  seen  in  Fig.  12,  the  increase  of  con¬ 
version  efficiency  was  mainly  contributed  by  the  increase  of  Jsc- 
Moreover,  the  efficiency  increasing  ratio  decreases  from  60%  to  15% 
with  the  increase  of  the  Ti02  NC  layer  thickness  from  6  to  15  pm. 
This  result  indicates  that  the  thickness  of  the  TiC^  NC  layer 
significantly  influences  the  effect  of  the  scattering  layer.  The  wide 
range  of  efficiency  increasing  ratio  is  consistent  with  these  litera¬ 
ture  as  discussion  above.  Finally,  it  can  be  concluded  that  the 
increasing  ratio  of  conversion  efficiency  by  scattering  layer  is 
incomparable  among  the  solar  cells  using  Ti02  NC  layer  with 
different  thicknesses. 

By  using  a  Ti02  NC  layer  with  an  optimized  thickness  (15  pm), 
the  Jsc,  V0c,  FFof  the  plastic-based  DSCs  are  11.4  mA  cm-2,  0.71  V, 
0.65,  respectively,  and  a  highest  efficiency  of  5.24%  is  achieved. 
Fig.  13  shows  the  IPCE  spectra  of  the  plastic-based  DSCs  using  15  pm 
Ti02  NC  layer  with  and  without  RTCS-Ti02  scattering  layer.  The  two 
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Fig.  13.  IPCE  spectra  of  the  plastic-based  DSCs  with  and  without  RTCS-Ti02  scattering 
layer.  The  thickness  of  the  Ti02  NC  layer  is  15  pm. 
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devices  present  nearly  the  same  IPCE  in  the  short  wavelength  range 
from  400  to  550  nm.  However,  the  IPCE  for  the  plastic-based  DSC 
with  a  scattering  layer  is  slightly  higher  in  the  long  wavelength 
range  from  550  to  750  nm.  This  can  be  explained  by  the  following 
reasons.  For  the  DSC  using  Ti02  NC  layer  with  an  optimized  thick¬ 
ness,  the  light  in  the  short  wavelength  (400-550  nm)  is  almost 
absorbed  according  to  the  characteristic  of  the  N719  dye  used  in 
this  study  [30].  The  transmitted  light  from  the  TiC^  NC  layer  is 
composed  mostly  of  the  unabsorbed  light  in  the  long  wavelength 
(550-750  nm),  which  will  then  be  scattered  back  to  the  Ti02  NC 
layer  by  the  RTCS-TiC^  scattering  layer.  Therefore,  the  IPCE  for  the 
solar  cell  using  Ti02  NC  layer  with  optimized  thickness  with  RTCS- 
Ti02  scattering  layer  is  higher  in  the  long  wavelength  range  from 
550  to  750  nm  and  nearly  the  same  in  the  short  wavelength  range 
from  400  to  550  nm  compared  to  the  IPCE  of  the  solar  cell  without 
RTcs_Tio2  scattering  layer. 

4.  Conclusions 

Room  temperature  cold  spraying  (RTCS)  and  spray  deposition 
(SD)  method  were  used  to  prepare  light  scattering  layers  for  plastic- 
based  DSCs  with  submicro-TiCb  powder.  Both  the  RTCS-Ti02  scat¬ 
tering  layer  and  the  SD-TiC^  scattering  layer  showed  a  much  higher 
light-reflecting  ability  than  the  Ti02  NC  layer.  The  adhesion  be¬ 
tween  the  Ti02  scattering  layer  and  Ti02  NC  layer  for  the  NC  +  RTCS 
cell  was  higher  than  the  NC  +  SD  cell,  and  subsequently  contributed 
to  a  higher  efficiency  and  better  bending  resistance  than  the 
NC  +  SD  cell.  Moreover,  it  was  found  that  the  increasing  ratio  of 
conversion  efficiency  of  the  plastic-based  DSCs  with  a  scattering 
layer  significantly  decreased  with  increasing  the  thickness  of  TiC^ 
NC  layer.  By  using  the  Ti02  NC  layer  with  an  optimized  thickness  of 
15  pm,  a  highest  efficiency  of  5.24%  was  achieved  for  the  plastic- 
based  DSC  with  a  RTCS-Ti02  scattering  layer. 
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